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An e xp an d a bl e, ste nt for implantaUon-in-a-4?ody-lumen-sueh-a^^ The st e n t consis ts of-a^urality-ofrariiatly 

expandable cylindrical elements generally aligned on a common longitudinal stent axis and interconnected by one or more interconnecting 
members placed so that the stent is flexible in the longitudinal direction. At least one end of the opposite ends of the stent has fewer 
interconnecting members than a center section of the stent to provide localized flexibility to a selected region of the stent. 
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STENT WITH CUSTOMIZED FLFXTRTT TTV 

BACKGROUND OF THE INVENTION 

This is a continuation-in-part application of co-pending parent application 
Serial No. 09/008,366, filed January 16, 1998, the entire contents of which hereby 
are incorporated by reference. 

This invention relates to expandable endoprosthesis devices, generally 
known as stents, which are designed for implantation in a patient's body lumen, 
such as a blood vessel to maintain the patency thereof. These devices are 
particularly useful in the treatment and repair of blood vessels after a stenosis has 
been compressed by percutaneous transluminal coronary angioplasty (PTCA), 
percutaneous transluminal angioplasty (PTA), or has been removed by atherectomy 
or other means. 

Stents generally are cylindrically-shaped devices which function to hold open 
and sometimes to expand a segment of a blood vessel or other lumen, such as a 
coronary artery. Stents are particularly suitable for use to support the lumen or to 
hold back a dissected arterial lining which can occlude the fluid passageway 
therethrough. 

A variety of devices are known in the art for use as stents and have included 
balloon expandable stents; coiled wires in a variety of patterns that are expanded 
after being placed intraluminally on a balloon catheter; helically- wound coiled 
springs manufactured from an expandable, heat sensitive metal; and self-expanding 
stents inserted in a compressed state and shaped in a zigzag pattern. One of the 
difficulties encountered using prior art stents involved maintaining the radial rigidity 
needed to hold open a body lumen while at the same time maintaining the 
longitudinal flexibility of the stent to facilitate its delivery and to accommodate the 
often tortuous path of the body lumen. 
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Another prob,em a rea ha, been the hrnited range of expandability. Certain 
prior art stents expand oniy to a limited degree dne to the uneven stresses ereated 
upon the stents during radial expansion. This neeessita.es providing stents with a 
vane* of diameters, thus inereasing the cos, of ntanufacrure. Additionally, having 
. .stent wtth a wider range of expandabihty a„ows «he physician ,o re-dilate the stent 
it the original vessel size was miscalculated. 

Another problem with the prior «, stents has ^ ^ rf ^ 
along its longitudinal axis upon radial expansion of the stent This 
placement problems within the artery during expansion. 
•0 Various means have been described to deliver and implant stents One 

method gently described for dehvering a stent to a desired intraluminal .ocation 
mcludes mounting the expandable stent on an expandable member, such as a 
ba, oon, provided on the distal end of an intravascular catheter, advancmg the 

on the carter ,„ expand me stent into a permanent expanded condition, and then 
deflating the balloon and removing the catheter. 

so ft , r' T ^ ^ k 3 Sten ' ^ ^ a " ° f 
so that „ can be readily advanced through tortuous passageways and radially 
expanded 0 ver a wider range of diameters with minima, .ongimdina, conation to 
accommodate a greater range of vessel diameters, all wi«h minima, ,ongi«udina, 
contraction. The expanded stent of course also must have adequate structura, 
strength (hoop strength) to ho,d open the body lume n in which „ is ' 
present invention satisfies this need. 



SUMMARY OF T HE,INVENTTmsi 
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greater number of different diameter vessels, both large and small, than heretofore 
was possible. The stents also have greater flexibility along the longitudinal axis to 
facilitate delivery through tortuous body lumens, but remain highly stable when 
expanded radially, to maintain the patency of a body lumen such as an artery or 
5 other vessel when implanted therein. The unique patterns of the stents of the instant 
invention permit both greater longitudinal flexibility and enhanced radial 
expandability and stability compared to prior art stents. 

Each of the different embodiments of stents of the present invention includes 
a plurality of adjacent cylindrical elements which are generally expandable in the 
10 radial direction and arranged in alignment along a longitudinal stent axis. The 
cylindrical elements are formed in a variety of serpentine wave patterns transverse 
to the longitudinal axis and contain a plurality of alternating peaks and valleys. At 
least one interconnecting member extends between adjacent cylindrical elements 
and connects the cylindrical elements to one another. These interconnecting 
1 5 members insure minimal longitudinal contraction during radial expansion of the 
stent in the body vessel. The serpentine patterns have varying degrees of curvature 
in the regions of the peaks and valleys and are adapted so that radial expansion of 
the cylindrical elements is generally uniform around the circumference of the 
cylindrical elements when the stent transitions from the contracted conditions to the 
20 expanded conditions. 

The resulting stent structures are a series of radially expandable cylindrical 
elements that are spaced longitudinally closely enough so that small dissections in 
the wall of a body lumen may be pressed back into position against the lumenal 
wall, but not so closely as to compromise the longitudinal flexibility of the stent 
25 both when the stent is being negotiated through the body lumens in the unexpanded 
state and when the stent is expanded into position. The serpentine patterns allow for 
an even expansion around the circumference by accounting for the relative 
differences in stress created by the radial expansion of the cylindrical elements. 
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Each of the individua, cylindrical element may rotate slightly relative t0 ^ 
adjacent cylindrica! dements without SI gnifican« deformation, cumulative* 
provding stents which are flexible along the .ength .hereof and about the 
longitudina, axis, but which sflfl are very steble in the radial direction in order to 
5 resist collapse after expansion. 

Each of the stents of the present invention can be readily delivered to the 
desired Inmena. location by mounting onto an expandab.e member, such as a 
balloon, of a de.ivery catheter and passing the catheter-s.cn, assembly through tine 
bodylumentomeimp.an.ationsite. A variety of means for securing the stents to 
dte expandable member of the catheter for de.ivery to the desired .ocation are 
avatlable. It presentiy is preferred ,o compress or crimp the stent on.o tire 
unexpanded balloon. Cher means to secure me stent .o me balloon include 
P-oviding ridges or cotiars on me inflated member .o restrain lateral movement 
nsmg bioabsorbable temporary adhesive*, or adding a re«rac.ab,e sheath ,o cove/tire 
1 5 stent during delivery through a body lumen. 

The presentiy preferred structures for the expandable cylindrical demon* 
wfcch form the stems of me present invention includes a circumferential serpentine 
pattern contesting a pmrality of alternating peaks and valleys. The degrees of 
curvature a.on g adjacent peaks and valleys are designed .o compensate for tire 
stresses created during expansion of .he stent so tha. expansion of each of tire peaks 
and vafleys is uniform relative to one another. This nove, structtrre permit the 
stents to radially expand flom smaUer firs, diameters to any number of ,arger second 
diameters, because stress is distributed more uniformly along tire cylmdrica, 
elemente. This uniformity in sttess dilution reduces tire tendency .owards sttess 
fracttrres m one particu.ar region and allows high expansion rates 

The differen. sten. embodiments also aflow me stents to expand ,o various 
ti.ame.ers flom smal, ,o large to accommodate different-sized body lumens, witirou. 
loss of rad,al strength and limited contraction of mngitttdina, ,engm. The open 
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reticulated structure of the stents results in a low mass device. It also enables the 
perfusion of blood over a large portion of the arterial wall, which can improve the 
healing and repair of a damaged arterial lining. 

In one presently preferred embodiment, the ability of the stent to treat larger 
diameter vessels results from increasing the number of units of the repeating pattern 
of peaks and valleys so that the starting compressed diameter is larger than in prior 
art devices. When expanded, the stent of this embodiment has sufficient coverage 
of the lumenal wall and maintains its structural integrity due to forces imposed by 
the lumenal wall and therefore resists collapse. 

The serpentine patterns of the cylindrical elements can have different degrees 
of curvature in adjacent peaks and valleys in order to compensate for the expansive 
properties of the peaks and valleys. Additionally, the degree of curvature along the 
peaks can be set to be different in immediately adjacent areas in order to 
compensate for the expansive properties of the valleys adjacent to it. The more 
even radial expansion of this design results in stents which can be expanded to 
accommodate larger diameters with minimal out-of-plane twisting, because the high 
stresses are not concentrated in any one particular region of the pattern, but are more 
evenly distributed among the peaks and valleys, allowing the peaks and valleys to 
expand uniformly. Reducing the amount of out-of-plane twisting also minimizes 
the potential for thrombus formation. 

The serpentine pattern of the individual cylindrical elements can be in phase 
with each other serpentine pattern in order to reduce contraction of the stents along 
the length of the stent upon expansion. The cylindrical elements of the stents 
plastically deformed when expanded (except with nickel-titanium (NiTi) alloys) 
that the stents will remain in the expanded condition and, therefore, the cylindrical 
elements must be sufficiently rigid when expanded to prevent the collapse thereof in 
use. 
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so 



WO 00/49^9 



PCT/USOO/04323 
-6- 



W stents formed fan super . elastic NjTi ^ ^ 
when the stress of con^on is ^ ^ ^ fte ^ 
from martensite bad «„ austenite ,o occur, and a, a resui, the stent expand, 

Afterthe stents are e «, some of , he peaks and/or val,e ys may , but do 
-~,, tipoutw ^ ymdembedi|lthevesselwaii ^ 

the stents nu g b, no, have a s m „o ft outer wa„ surface. Rather, * might have small 
P™ which embed m me vesse, waU and aid in retaimng me stents in p,ace in 
^^^^^^^ ^ 

ao 889 mm (0.0035 in, wide and about 0.0559 mm (0.002 2 in, thick, providing an 
aspeotradoof!.. An aspect of ,0 wi H produco lesS dppm, ^ ^ 
The interconnecting members which interconnect adjacent cylindrical 

of me undulatmg components of the expandable cyiindrica! members. The 

cyhndnca, e ements formed from the same intermediate product, such as a tubular 
element, or me interconnecting members may be formed independently and 
mechanics secured between the expandab.e cyhndnca! dements 

20 va • d Pref r' y " nUmber ^ ,OCati0n ° f * e «*• — *- can be 

vaned m order to deve.op the desired .ongitudina, ticxibitity in me stent sti^cture 

Wn- *e unexpanded as we„ as me expanded condition. These properties are 

deration of^nabtmlphy^^^^,^^ 
whtch the ste „ , s mpl a„,ed md to ^ ^ 

which IS internally supported bv the stent r. „ t 
25 flexihi.iiv <■«, ^ Generally, the greater the Iongimdinal 

fl xibih* of me stents, die more easily and the more safely the stents can be 
delivered to the impUntadon site, especially when me imp ,an t a«on s,e is on a 
-rved secdon of a body himen, such as a coronary artery or a periphera, biood 
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vessel, and especially when the body lumen is a saphenous vein or another larger 
vessel. 

Following from the foregoing proposition is that, in general, the more 
interconnecting members there are between adjacent cylindrical elements of the 
stent, the less longitudinally flexible is the stent. More interconnecting members 
reduces flexibility, but also increases the coverage of the vessel wall, which helps 
prevent tissue prolapse between the stent struts. Accordingly, it is possible to 
customize the number of connections to obtain flexibility when flexibility is most 
needed and coverage when coverage is most needed. 

In a preferred embodiment, the present invention is directed to a 
longitudinally flexible stent for implanting in a body lumen and expandable from a 
contracted condition to an expanded condition, comprising: a plurality of adjacent 
cylindrical elements each having a circumference extending around a longitudinal 
stent axis, the cylindrical elements being arranged in cylindrical alignment along the 
longitudinal stent axis to form a generally tubular member; the generally tubular 
member having a first end section, a second end section, and a center section 
therebetween; and wherein the adjacent cylindrical elements in the center section 
are connected by n number of interconnecting members and the adjacent cylindrical 
elements in at least one of the first and the second end sections are connected by n-k 
number of interconnecting members, so that the first and second sections are 
relatively more flexible than the center section; wherein k is a number selected from 
the group consisting of 1, 2, 3, 4, or 5; and wherein n > k. 

In this preferred embodiment construction, the first and second end sections 
are connected by a number of interconnecting members that is always lower than 
the number of interconnecting members connecting the center section of cylindrical 
elements in the stent. Accordingly, the present invention design is flexible in at 
least one end and optionally at both ends while being stiffer in the middle. In other 
words, in one embodiment, one end is flexible while the middle and opposite end 
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are relatively more rigid; in a„ other embodimen,, bom ends are flexib.e whi,e the 
middle is relatively more rigid. 

This type of stent would work well for lesions loeated in a bend in a vessel 
The stiffes, portion could be located over the heavies, ptaque mass. This region 
would have minimal separation or splay between the cylindrical elements and would 
therefore minimize tissue prolapse. On the other hand, the flexible ends of the sten, 
would conform to me vessel and minimize the .engft of artery which ,s forced to be 
more straight by an otherwise rigid stent. The more flexib.e end sections also would 
be positioned closer ,o the norma, portion of me artery where splay would be a less 
.0 .mportan, factor. This assumes the stem has a length that is sufficient ,o cover the 
lesion and extends from a normal portion of the vessel to another norma, portion of 
the vessel. 

Other features and advantages of the present invention will become more 
apparent from the foHowing detailed description of the invention, when taken in 
conjunction with the accompanying exemplary drawings. 

BRIEF PESO? ipt,™,, ^ r thf n»^^ 

FIGURE 1 is a side elevational view, partially in section, depicting the sten, 
embodying features „f the present _ % ^ ^ 

disposed within a vessel. 



20 FIG. 2 is a side elevational view, partially in section, simitar to ma, shown in 

FIG. I, wherein ,he s,e„, is expanded wimin a vessel, pressing me lining agains, me 



FIG. 3 is a side elevational view, partia.ly i„ section, showing me expanded 
s,en, wthin the vessel after withdrawal of die delivery catheter. 
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FIG. 4 is a plan view of a flattened section of one embodiment of the present 
invention stent which illustrates the serpentine pattern and the varying number of 
interconnecting members of the stent so that one end is more flexible than the other. 

FIG. 5 is an enlarged partial view of the stent of FIG. 4 depicting the 
5 serpentine pattern along the peaks and valleys that form the cylindrical elements of 
the stent. 

FIG. 6 is a perspective view of the stent of FIG. 4 in the expanded 
configuration. 

FIG. 7 is a plan view of a flattened section of another embodiment of the 
10 present invention stent illustrating the serpentine pattern and varying the number of 
interconnecting members to obtain flexible end sections and a relatively rigid 
middle section. 

FIG. 8 is a plan view of a flattened section of another embodiment of the 
present invention stent wherein the number of interconnecting members is varied to 
15 obtain flexible end sections. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

With respect to prior art stent designs, such as the MultiLink Stent™ 
manufactured by Advanced Cardiovascular Systems, Inc., Santa Clara, California, a 
plurality of cylindrical rings are connected by three connecting members between 
20 adjacent cylindrical rings. Each of the cylindrical rings is formed of a repeating 
pattern of U-, Y-, and W-shaped members, typically having three repeating patterns 
forming each cylindrical ring. A more detailed discussion of the configuration of 
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*e MumXinx Ste n,™ cm be found „, u.s. Patem No . 5>5fi9>295 ^ 
Patent No. 5,514,154 (Lauetal.). 

vease, In T Pr<>Vide 3 hi8Hy fleXib ' e SteW * fa "-*» " **< 
vessels, and havn,g the abihty ,„ provide ^ ^ rf fee J 

cp 0 o„a„ y adds a, ,eas. one more repeating pan™ of U, Y-, and W- sh aped 
members t o each cyHndrica, ring. Further , ^ comectfag 
degrees apart between adjacent cvlmHri^.i • 

over,.,, • aajacen,cvlmd ™lnngs, provide for increased flexibility 

over the prior art stents, which is essential for de1iv*rin„ * 
10 th m „„t, t -. <™ tor delivering the present invention stent 

through tortuous anatomy and impianting i, i„ a carved section of vessel 

the J",' ' iilUS,rateS 8 emb0diD,ent ° f 8 ~ 10 «— of 

ftepresentinvennonwhichismountedontoadeliverycaflreter „. Theaten, 

zr! comp r a p,uraii,y of rad,a,iy expandawe c ~ » 

.5 *1 d r: ^ inte ° meCted * ting membeta ,3 

^ r iM * faiCl - 12 ' -dehverycaflieternhasan 
exp-^e Portion or balloon ,4 for expanding the stent ,0 within an arteiy 15 or 
other vessel. The artery 15, as shown in FIG T ha a- 

,*„uu^ snown ln FIG. 1, has a dissected or detached lining 

16 which has occluded a portion of the arterial passageway 

20 sam ^ ddiVa7 " ' 1 ^ ^ *** 10 is —* « -sentiafly is the 

zzrrr baiioon diiamtion — - -^p— * 

ereph^ate poiyvmy, chioride, nyion and, ionomers such as that manned 

^derAe.radenan.eSUKLVNbytbePoly.erProduc.Oivisionoffl.eE.fdnPont 
de Nemours Company. Other powers a,so may be used 

17 ^rr^-^'--- -.--.Ois compressed or 

onto the bafloon ,4. A retractable protective delivery sleeve 20 may be provided to 

--^^-UOs.aysmp.aceonmebaUoonHofmede^c 
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and to prevent abrasion of the body lumen from the open surface of the stent 10 
during delivery to the desired arterial location. Other means for securing the stent 
10 onto the balloon 14 also may be used, such as providing collars or ridges on the 
ends of the working portion, Le,, the cylindrical portion, of the balloon 14. Each 
5 radially expandable cylindrical element 12 of the stent 10 may be independently 
expanded. Therefore, the balloon 14 may be provided with an inflated shape other 
than cylindrical, e^g,, tapered, to facilitate implantation of the stent 10 in a variety of 
body lumen shapes. 

In a preferred embodiment, delivery of the stent 10 is accomplished in the 
10 following manner. The stent 10 first is mounted onto the inflatable balloon 14 on 
the distal extremity of the delivery catheter 1 1. The stent 10 may be crimped down 
onto the balloon 14 to obtain a low profile. The catheter-stent assembly can be 
introduced within the patient's vasculature in a conventional Seldinger technique 
through a guiding catheter (not shown). A guidewire 18 is disposed through the 

1 5 damaged arterial section with the detached or dissected lining 1 6. The catheter-stent 
assembly then is advanced over the guide wire 18 within the artery 15 until the stent 
10 is directly under the detached lining 1 6. The balloon 14 of the catheter 1 1 is 
inflated or expanded, thus expanding the stent 10 against the inside of the artery 15, 
which is illustrated in FIG. 2. While not shown in the drawing, the artery 1 5 

20 preferably is expanded slightly by the expansion of the stent 10 to seat or otherwise 
embed the stent 10 to prevent movement. Indeed, in some circumstances during the 
treatment of stenotic portions of an artery, the artery may have to be expanded 
considerably in order to facilitate passage of blood or other fluid therethrough. 

While FIGS. 1-3 depict a vessel having a detached lining 16, the stent 10 can 

25 be used for purposes other than repairing the lining. Those other purposes include, 
for example, supporting the vessel, reducing the likelihood of restenosis, or assisting 
in the attachment of a vascular graft (not shown) when repairing an aortic 
abdominal aneurysm. 
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In genera,, the sten « , o serves «„ ho ld open .he artery , 5 after catheter , , „ 
wdhdra™, as iHus.ta.ed ,„ FIG. 3. Due to fte fomlation rf ^ ^ 

the st^uo . rdahvefy fl a, ,„ a traverse erosion so tha, when the aten, 10 ls 
a* a result, do no. interfere with the Mood flow through dte artery 15 The ' 

TTT el r nts 12 of fte stent 10 - are ~ "» - -y 

evenly wti, he covered with endotheha, ee„ growth which grow* fhrther 
m_ Mood flow tmbu.ence. The sem.en.ine patten, or the cytindrtca, sections 

Further, dte Cose.y spaced cyiindnca, eientents ,2 a, reg u,ar intervals provide 

^ZTTd f0r * eWa,l0fthe ^' 5 -«-e q ue„ U y are we,, adapted to 
tack up and hold in place small fl*m<= ™- a;<. a - 

Oh— in FIGS. 2 and 3. ^ ^ ~" " « 

« In one preferred embodiment of the stent 10, as depicted in FIGS. 4 and 5 

7*Z7 G I ^^^^---valleysofmes.ntlO. 
As seen m FIG. 4, a portion of a cylindrical element ,2 of the stent 10 embodies the 

20 r^^^^'^^^va.leysthataidintheeven 

e*me„,,2 as descnbed above. The various peafcs and val.eys genetady have U Y 
and W shapes, m a repeating patiem, ,„ fotm cylindrical ^ ^ ' 

25 the vaTT e T° n ' ^ dOUble " CUrVed POrt, ° nS W 34 * *e region of 

r/ 'r iWerC ~* ~*« " are connected have the mosLs 

pomons (U) 36 a re the leas, stiff, and me valley portions (Y) 30 have an 
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intermediate stiffness. In this FIG. 4 exemplary embodiment, there are four 
repeating patterns of peaks and valleys in each cylindrical element 12. 

A preferred embodiment of a stent 10 can be viewed in FIG. 4 as having two 
sections; namely, first and second end sections 31 A and 3 IB, respectively. As is 
shown, the first end section 31 A has interconnecting members 13 in each double- 
curved portion (W) 34, thereby providing maximum support at that end of the stent. 
The first end section 3 1 A optionally may contain a center section in an abstract 
sense, but since the theoretical center section has the same number of 
interconnecting members and the same cylindrical element design as the first end 
section 31 A, it has not been divided and identified separately for the purposes of 
this description. In the alternative, one also may think of the embodiment shown in 
FIG. 4 as having the center section completely omitted. 

In order to improve flexibility and uniform expansion at the second end 
section 3 IB, every second interconnecting member 13 is removed from certain of 
the cylindrical elements 12 as shown by the members 37. Where the 
interconnecting member 13 has been removed from a member 37, there is less 
localized mass, and hence less localized stiffness, which affords a more flexible and 
uniform expansion. The remaining interconnecting members 13 preferably are 
positioned 180 degrees apart. So at the second end section 3 IB, adjacent cylindrical 
elements 12 are connected by only two interconnecting elements 13. 

Because of the mass involved with the stent designs of the present invention, 
the double curved portion 34 is the stiffest structure and the peak portion 36 is the 
least stiff structure, which accounts for the different stresses which arise during 
expansion. Also, the least stiff structure, the peak portion 36, is positioned between 
the double curved portion 34 and the valley portion 30, which are comparatively 
stiffer structures. To even out the stresses, the peak portion 36 has different 
curvatures at regions 32 and 33, as seen in FIG. 5. The region 33 has a larger radius 
than the region 32 and expands more easily. Because the region 32 is adjacent the 
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stiff, area of the douWe curved portion 34> ^ ^ ^ ^ ^ ^ ^ 
enrved portion 34 expand more uniform* mi raore evemy ^ 
stresses. Further, me va.,e y portion 30 and me double curved portion 34 have 
Afferent diameters t „ even ou, me expansion forces in re,a,ion «„ the peak portion 
36 Due ,o me nove, structure as described, me shortcomings of the prior art, which 
mclude out-of-plane listing of me metal, are avotded. These differing degrees of 
curvature along the peak portion 36 aliow for the more even expansion of a 
cylindrical element 12 as a whole. 

The stent ,0 of FIGS. 2-5 has an expansion ratio from the crimped to 
expanded configuration m the range of ahout ,.0 to 5.0, while maintaining its 
struct integrity when expanded. As depicted in FIG. 6, after expansion of the 
stent ,0, portions of the various cylindrical elements 12 may turn outward.y 
forming small projections 38 that embed in the vessel wall. More precise^ tip 39 
of me peak portion 36 til. outwardly a sufficient amount upon expansion of the 
stent .0 to embed inlo the vessel wall thus helping to secure the stent ,0whe„ 
unplanted. Upon expansion, the projections 38 create an outer wall surface on the 

stent 10 that is not smooth On the ntW , 

m. un the other hand, while the projections 38 assist in 

securing the stent 10 in the vessel wall • • 

n me vessel wall, the projections are not sharp as to cause 

trauma or damage to the vessel wall. 

20 The tips 39 projecting outwardly and any twisting of the stmts is due 

Pnmarily to the struts having . higfa ^ ^ fa _ ^ ^ 

*u width is ahout 0.08S9 mm (0.0035 in.) and a thickness of ahout 0.0559 mm 
0.0022 m.), providing an aspect ratio of 1.6. An aspect ratio of 1.0 will produce 
less tipping and twisting. 

25 FIG. 7 Hlustiates an alternative embodiment of a stent according «„ the 

present invention. In particular, FIG. 7 is a p,an view of a flattened section of a 
-n. 4 with flexible firs, and second end sections 4IA, 4.B, respectively, and a 
relatively rigid center section 42. In mis exemphtry embodiment, the center section 
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42 includes preferably four interconnecting members 13 to connect a double curved 
portion (W) 44 of one cylindrical element 12 to a valley portion (Y) 43 of an 
adjacent cylindrical element 12. In the exemplary embodiment shown in FIG. 7, the 
interconnecting members 13 within the center section 42 are spaced 90 degrees 
5 apart. 

Each cylindrical element 12 is made up of four repeating serpentine wave 
pattern sections having valley portions (Y) 43, peak portions (U) 46, and double 
curved portions (W) 44. The valley portions 43 and the peak portions 46 each have 
a generally single radius of curvature. Each valley portion 43 is connected to a 
1 0 interconnecting member 13 and bridges to a peak portion 46. All of the 

aforementioned structures preferably lie within the center section 42. At first and 
second end sections 41 A, 41B, every other interconnecting member has been 
removed to increase flexibility in that region. Therefore, the members 47 are 
interspersed between the interconnecting members 13 at first end section 31 A and 
1 5 second end section 3 IB. Within the first and second end sections 41 A, 41B, 
interconnecting members 13 preferably are spread 180 degrees apart. 

The cylindrical elements 48 found within the first and second end sections 
41 A, 41B have repeating serpentine wave patterns with valley portions (Y) 43, peak 
portions (U) 46, and double curve portions (W) 44, but the difference as mentioned 
20 above is the omission of interconnecting members 13 to connect the members 47 to 
adjacent valley portions 43. Therefore, in the exemplary embodiment depicted in 
FIG. 7, the first end section 41 A has three cylindrical elements 48 with three pairs 
of interconnecting members 13. The same construction applies for the second end 
section 41B. The center section 42, however, preferably has four cylindrical 
25 elements 12, with four sets of four interconnecting members 1 3 . 

The interconnecting members 13 may be aligned axially in every other 
cylindrical element 12, 48, as shown in FIG. 7, or they may be staggered depending 
on the bending requirements of a particular stent. Indeed, the present invention 
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cy^dncal elnnents of ^ stents . ^ ^ more jn 

flextbletsfces^ Thu Sn ,o r e int _ ctingmembeKreducesflexjb 
prolapse between the stent struts. 

lesio rae ; X 7' aiy emb0dime " t « - TO. 7 is especially well suited for 
■es.ons on bend, In ^ applica(ion _ fce ^ sec(ion ^ rf 

ov^ larsestpIaque burden ^ fee ^ ^ ^ ^ 

FIG. 8 ,s a p.a„ view of a flattened section of yet another alternative 
-•tt Has flexible fiist and second end sections 5 1 A sir, 

„ . seot,OIK:,1 A,51B, respectively, separated bv a 

centersection 52. Within each n f «,. c . j praieaDya 

15 51B and * SeCti ° n " A ' Se ° OTd ^ «*■ 

B and Reenter section 52 are a ^ 0 f cylindrical e.etnents 53. Each 

cyhndnca, elenten, 53 i s co rapnS ed of a setpentine patient of opposed U-shaped 
curves 54 . M of ^ ^ _ ^ _ _ ^ ^ ^ 

P~ g a consent patten,. More precisely, each U-shaped cnrve 54 has a tnonth 
55 that is pinched closed bv adiac,*,. 1 1 „i. ., 
20 pattern. " CU ™" 54 '° PTOvide a *«* 

ntetnb " ^ 50 ' "* °^™cti„ g 

« ^^^^O. Forexatttplch.theflrst.d 

ton 5 A, there , only one intereonnecting ntentber 56 between any two adjacent 
yhndnca events 53. Likewise, in the second end sections 51B of L cyltad^I 

adjacent cylindrical elements 53. 

In contrast, the center section 52 preferahlv W * 

u ^ prererably has two adjacent cylindrical 

e 1 e m en G 53, i n k edbyti 1 ree 1 „,e rc onnectin gm e m bers5 6 . Both ends o f center 
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section 52 have cylindrical elements 53 linked to adjacent cylindrical elements 53 
within the first and second end sections 51A, 51B by use of three interconnecting 
members 56. To summarize, and with reference to FIG. 8, the stent 50 uses a single 
interconnecting member 56 to interconnect adjacent pairs of the four cylindrical 
5 elements 53 within the first end section 5 1 A; then uses three interconnecting 
members 56 to interconnect adjacent pairs of the three cylindrical elements 53 
within and at opposite ends of the center section 52; and lastly uses one 
interconnecting member 56 between adjacent pairs of the two cylindrical elements 
53 within the second end section 5 IB. 
1 0 FIG . 8 illustrates that the number and location of interconnecting 

members 56 can be changed according to specific design and flexibility 
requirements. Indeed, the particular number of interconnecting members between 
cylindrical elements depends on the design configuration and the flexibility desired 
in each region. For example, an alternative embodiment stent (not shown) could 
15 have two interconnecting members between pairs of cylindrical elements at one end 
section, four interconnecting members between pairs of cylindrical elements in the 
center section, and one interconnecting member between pairs of cylindrical 
elements in the second end section. The number of cylindrical elements within an 
end section or center section, if any, can be changed to customize the stent to a 
20 particular application. The number of interconnecting members used between any 
adjacent pair of cylindrical elements can be varied as necessary. Further, the 
angular positioning of each interconnecting member and the locations of the 
interconnecting members relative to each other can be changed depending upon the 
flexibility requirements. It should be understood that the term "interconnecting 
25 member" as used herein can include not only those connecting elements specifically 
depicted in the drawings, but also welds between adjacent cylindrical elements, or 
simply an uncut area between cylindrical elements. 
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The dimensions of any of the foregoing exemplary embodiments can be 
adjusted to achieve optimal expansion and strength characteristics for a given stent. 
The number of bends in each cylindrical element, as shown in FIG. 8 for example, 
also can be varied. 

5 In many of the drawing figures the stent is depicted flat, in a plan view for 

ease of illustration. All of the embodiments depicted herein are cylindrically-shaped 
stents that generally are formed from tubing by laser cutting as will be described. 

One important feature of all of the embodiments of the present invention is 
the capability of the stents to expand from a low-profile diameter to a diameter 
10 much greater than heretofore was available, while still maintaining structural 
integrity in the expanded state and remaining highly flexible. Due to the novel 
structures, the stents of the present invention each have an overall expansion ratio of 
about 1 .0 up to about 4.0 times the original diameter, or more, using certain 
compositions of stainless steel. For example, a 3 16L stainless steel stent of the 
15 invention can be radially expanded from a diameter of 1.0 unit up to a diameter of 
about 4.0 units, which expansion deforms the structural members beyond the elastic 
hmit. The stents still retain structural integrity in the expanded state and will serve 
to hold open the vessel in which the stents are implanted. Materials other than 
stainless steel (316L) may afford higher or lower expansion ratios without 
20 sacrificing structural integrity. 

The present invention contemplates a variety of constructions for the nnmber 
of tnterconnecting members and the location of the interconnecting members in the 
first end section, center section, or second end section of the s , en ,. For example it 
ts possible to have a stent with a center section having adjacent cylindrical elements 
25 connected by n nnmber of interconnecting members, and the adjacent cylindrical 
elements in at leas, one of the firs, or the second end sections are connected by n - k 
number of interconnecting members, where k is a number from 1 through 5 
inclusive and n > k. 
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In an alternative embodiment, n is the number of interconnecting members at 
the center section, and k is the number of interconnecting members in one of the 
first or second end sections. In this embodiment, the ratio of n to k includes, for 
example, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, 1:10, 2:3, 2:5, 3:4, or 3:5. 
5 The stents of the present invention can be made in many ways. However, the 

preferred method of making the stent is to cut a thin-walled tubular member of, for 
example, stainless steel tubing, to remove portions of the tubing in the desired 
pattern for the stent, leaving relatively untouched the portions of the metallic tubing 
which are to form the stent. It is preferred to cut the tubing in the desired pattern by 

10 means of a machine-controlled laser. 

The tubing may be made of suitable biocompatible material such as stainless 
steel. The stainless steel tube may be alloy-type: 316L SS, Special Chemistry per 
ASTM F138-92 or ASTM F139-92 grade 2. Special Chemistry of type 31 6L per 
ASTM F138-92 or ASTM F139-92 Stainless Steel for Surgical Implants in weight 

15 percent. 



Carbon (C) 


0.03% max. 


Manganese (Mn) 


2.00% max. 


Phosphorous (P) 


.025% max. 


Sulphur (S) 


0.010% max. 


Silicon (Si) 


0.75% max. 


Chromium (Cr) 


17.00- 19.00% 


Nickel (Ni) 


13.00- 15.50% 


Molybdenum (Mo) 


2.00 - 3.00% 


Nitrogen (N) 


0.10% max. 


Copper (Cu) 


0.50% max. 


Iron (Fe) 


Balance 
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The stem dieter is vety smaU , so ft e rabing from which . ^ ^ 
~* *» -ve a smaU dUmete, Typically> fte ^ ^ ^ ^ 
fte order of about , . 52 mm (0 . 06 in , jn fte ^ same 

dieter of the tubing from which it „ ^ Md ^ ^ ^ _ 

f trr °z* mm <o - 2 ^ ° r more ^ wau * » *~ 

(0.076 mm) 0.003 in. 

Generafiy, fte ,u bing „ pm „ , rotatab|e ^ ^ ^ ^ ^ 

eo^Ued apparatus fo r positioning the tubing relative «o a ,ase, According to 
machme-encoded instructions, ^ tatog ^ , ^ ^ 

* „ from ^ tabing by ablation and a pattem _ s cut teo ^ ^ ^ 

therefore is eu« ln ,o fte discrete patten, of the finished stent 

The process of cutting a pattern for the stent into the tubing general* is 

abated -ep, for fading and unioading tbe .engtfi ofutbing. Forexamp.e.a 
13 pattern can be cut in tubine u«?ina * rxTi- ~ „ 

theienttthof-K- ■ a CNC -°PP<*'ng cofiet fixture for axial rotation of 

ft. length of tttbtng, ,„ conjunction with CNC X/Y table to move ft. ,engft of 
tiring axis,* reIative to . machine . conttolled m ^ 

between collets can be patterned using the C 0„ Nd, or YAG User set-up of the 
regotng example. The program for control of fte apparattts is dependent on the 
20 particular configuration used and fte pattern to be ablated in fte coding 

Cutttng a fine structure (0.0863 mm (0.0034 in.) web width) requires 
— beat i„p Ut »d fte abi, ity to m an ipulate ft e tabe ^ ^ ft ^ ^ 
necessary to support fte tube yet no, aUow fte stent structure to dtstor, during fte 

2 s s ;rrr r rderto ~ ,,yachie ^ e ------„L 

w r ~ ^ ™™>- ^ — - made of stamiess steel 

w.ft an ou.de dtametcr of , .52 mm (0.060 m.) to 2 ,4 mm (0,0 in.) and a wan 

I ' (0 0 ° 2 ^ 10 ^ ~ *™ * — - ^e fixtured 
a ,aser and portioned utilizing C NC to generate a very tittle and prec.se 
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pattern. Due to the thin wall and the small geometry of the stent pattern 0.889 mm 
(0.0035 in. typical strut width), it is necessary to have very precise control of the 
laser, its power level, the focused spot size, and the precise positioning of the laser 
cutting path. 

5 In order to minimize the heat input into the stent structure, which prevents 

thermal distortion, uncontrolled bum out of the metal, and metallurgical damage due 
to excessive heat, and thereby produce a smooth debris-free cut, a Q-switched 
Nd/YAG laser, (a laser which typically is available from Quantonix of Hauppauge, 
New York), that is frequency-doubled to produce a green beam at 532 nanometers is 
10 utilized. Q-switching produces very short pulses (<100 nS) of high peak powers 
(kilowatts), low energy per pulse (<3 mJ), at high pulse rates (up to 40 kHz). The 
frequency doubling of the beam from 1.06 microns to 0.532 microns allows the 
beam to be focused to a spot size that is two times smaller, therefore increasing the 
power density by a factor of four times. With all of these parameters, it is possible 
15 to make smooth, narrow cuts in the stainless steel tubes in very fine geometries 
without damaging the narrow struts that make up the stent structure. Hence, the 
system of the present invention makes it possible to adjust the laser parameters to 
cut narrow kerf width which will minimize the heat input into the material. 

The positioning of the tubular structure requires the use of precision CNC 
20 equipment such as that manufactured and sold by the Anorad Corporation. In 
addition, a unique rotary mechanism has been provided that allows the computer 
program to be written as if the pattern were being cut from a flat sheet. This allows 
both circular and linear interpolation to be utilized in programming. 

The optical system which expands the original laser beam, delivers the beam 
25 through a viewing head and focuses the beam onto the surface of the tube, 

incorporates a coaxial gas jet and nozzle that helps to remove debris from the kerf 
and cools the region where the beam interacts with the material as the beam cuts and 
vaporizes the metal. It also is necessary to block the beam as it cuts through the top 
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surface of the tube and to prevent the beam alone with n 

from th* *. • • g m ° lten metal and debris 

from the cut, from nnpmging on the opposite surface of the tube 

In addition to the ,aser and the CNC positionmg equipment, the optical 
delivery system includes a beam expander m ■ . 
5 circular™, • meXPandert0mcrease the laser beam diameter, a 

polanzation effects in metal • • animate 

viewW Head h f Pr0V ' S,0nS &r 3 SPatia ' fflter > 8 bi "° cuhr 

v.e«„ g head aud & cu,„ g .ens, and a coaxia. gas j« th a, provid es for me 

- of a g, sfrean, ^ „ fc ^ 

- r D t: c " co :i i8asje,no22ieo - 457 ™^-»-). w-jr 

vx.j-a; is centered around the fhrncr-ri 

f0 010 mi k h , W " h a PP roxim ^y 0.254 mm 

(0.010 m.). between the tip of the nozzle and the tubine Th, • , • 

- *xr:rz: y r beam and/M mo,te " s,ag - - *. - - 

- - cut. ™ acts as a beanVdeb ris burner protecttng the Z.B. of the fa^n 
secondJ 

» r :;:r;::r kerf a,ong w,tt - - z - 

Another technique that could hf> ,,c~i * 

.0 coo, the surroundin materia , will , ^ ^ ^ 

g matenal would be rehance upon the inner beam blocking 
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tube as an internal gas jet. By sealing one end of the tube and making a small hole 
in the side and placing it directly under the focused laser beam, gas pressure could 
be applied, creating a small jet that would force the debris out of the laser cut kerf 
from the inside out. This would eliminate any debris from forming or collecting on 
5 the inside ofthe stent structure. It would place all the debris on the outside. With 
the use of special protective coatings, the resultant debris easily could be removed. 

In most cases, the gas utilized in the jets may be reactive or non-reactive 
(inert) In the case of reactive gas, oxygen or compressed air is used. Oxygen is 
used in this application because it offers more control ofthe material removed and 
10 reduces the thermal effects ofthe material itself. Inert gases such as argon, helium, 
or nitrogen can be used to eliminate any oxidation of the cut material. The result is 
a cut edge with no oxidation, but there usually is a tail of molten material that 
collects along the exit side ofthe gas jet that must be mechanically or chemically 
removed after the cutting operation. 
15 The cutting process using oxygen with the finely focused green beam results 

in a very narrow kerf (approximately 0.0127 mm (0.0005 in.)) with the molten slag 
re-solidifying along the cut. This traps the cut-out scrap ofthe pattern requiring 
further processing. In order to remove the slag debris from the cut allowing the 
scrap to be removed from the remaining stent pattern, it is necessary to soak the cut 
20 tube in a solution ofHCl for approximately eight minutes at a temperature of 
approximately 55°C. Before it is soaked, the tube is placed in a bath of 
alcohol/water solution and ultrasonically cleaned for approximately one minute to 
remove the loose debris left from the cutting operation. After soaking, the tube is 
cleaned ultrasonically in the heated HC1 for one to four minutes depending upon the 
25 wall thickness. To prevent crackingteaking ofthe struts attached to the material 
left at the two ends ofthe stent pattern due to harmonic oscillations induced by the 
ultrasonic cleaner, a mandrel is placed down the center ofthe tube during the 
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remova, proeeaa. At ^ of ^ fte 
are nnsed tn water. They are now ready for e,ec ff op„ Iishing 

so^ T Preferab ' y ™ P*— - aeidic aqueous 

so u „„ suc , . solution 0 f electrO-GLO «00, sold by the ELECTRO-GLO 

2 m a8 °' I,Un0iS ' WWCh ^ 3 ^ « «* °« aeida 

phoapha.es, corrosion inhibitors and . biodegradabIe ^ 

temperature is maintained a, about 43.3-56 1 °C 010 in« „ u 

is about 0.062 to about 0 233 } *° ^ 

about 0.233 amps per cm (ab„ u , 0 . 4 to abom , 5 

Cadtodetoanodeamasbou.dbeat^tabouttwotoon, The atenta may be 
axis of IT ^ ^ ^ " — ^ «ular <° the 

presentmventio -en^ypro^ stent ^ 

- ^areorrecta.^ar.ratberdtannape.oida,. The resu lti „ g st en, smaemre 
provides superior performance. 

stainj! r ^ ^ bC ^ ° f SUitaWe bl ° COmPatibk ™ «* - 
^ss stee,, ntamum, tantaium, super . elastlc 

20 r^y* em *^»* ym Th — d —arevismai, so 
- — — -o---^*., —- 

6 5 mmTo r 5 ° nS ; ^ S,em a " ° U,er ° border of about 

™ I T ' UneXPMded ° 0ndi,iOn ' ^ — — of the 

(a003 m.) Por stents ,mp,ant=d in other body iumens, such as PTA apphcations 

tne stents be made from laser cut tubing those skills ■ * 

rag, tnose skilled m the art will realize that the 
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stent can be laser cut from a flat sheet and then rolled up in a cylindrical 
configuration with the longitudinal edges welded to form a cylindrical member. 

In the instance when the stents are made from plastic, the implanted stent 
may have to be heated within the arterial site where the stents are expanded to 
5 facilitate the expansion of the stent. Once expanded, it then would be cooled to 
retain its expanded state. The stent may be conveniently heated by heating the fluid 
within the balloon or the balloon itself directly by a known method. 

The stents also may be made of materials such as super-elastic (sometimes 
called pseudo-elastic) NiTi alloys. In this case, the stent would be formed fully 
10 sized but deformed (e^, compressed) to a smaller diameter onto the balloon of the 
delivery catheter to facilitate intraluminal delivery to a desired intraluminal site. 
The stress induced by the deformation transforms the stent from an austenite phase 
to a martensite phase, and when the force is released when the stent reaches the 
desired intraluminal location, the stent is allowed to expand due to the 
1 5 transformation back to the more stable austenite phase. Further details of how NiTi 
super-elastic alloys operate can be found in U.S. Patent Nos. 4,665,906 (Jervis) and 
5,067,957 (Jervis). 

While the invention has been illustrated and described herein in terms of its 
use as intravascular stents, it will be apparent to those skilled in the art that the 

20 stents can be used in other instances in all vessels in the body. Because the stents of 
the present invention have the novel feature of expanding to very large diameters 
while retaining their structural integrity, the stents are particularly well suited for 
implantation in almost any vessel where such devices are used. This feature, 
coupled with limited longitudinal contraction of the stent when the devices are 

25 radially expanded, provide a highly desirable support member for all vessels in the 
body. Other modifications and improvements may be made without departing from 
the scope of the invention. 
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WHAT TSPT AT MFr jo. 



expandabie fr " ^ *" ** ta * b °<* - 

expandabie fan a contracted condition to an expanded condition, comprising. 

a plurality of adjacent cylindrical elements each having a 
.rcumference extending around a longitudinal stent axis, the cylindrical elements 
y rrange , n cylindrical ahgnmen, along the longitudma, atent axis to form . 
generally tubular member; 

section H thegenera,,ytUbUlarn,embCT Kafirs, end sechon, a second end 
section, and a center section therebetween; 

wherein the adjacent cylindrical elements in the center section are 

21 —andmead.acentcyhndrica, . 

- .eastoneofthe fl ret and the second end sections are connected by , k 
nmnher of mterconnecting members, so that the tirs. and second sections are 
relatively more flexible than the center section; 

IS or5;and ^ 3 ""^ " ^p consisting of 1, 2, 3, 4 , 

wherein n > k. 



section • ,1' ^^'^^'•"^^fi-tand the second end 
interconnecting members. 



The stent of claim 1, wherein the stent is IaS er cu, from tu bl ng. 
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4. The stent of claim 1, wherein at least one of the first and second 
end sections has n interconnecting members. 



5 . The stent of claim 1 , wherein each cylindrical element is formed 
in a generally serpentine wave pattern transverse to the longitudinal axis, the 
serpentine wave pattern having a plurality of alternating peak portions, valley 
portions and double curved portions. 



6. The stent of claim 5, wherein the n and the n-k interconnecting 
members connect the valley of one cylindrical element with a double curved portion 
of an adjacent cylindrical element. 

7. The stent of claim 1 , wherein the cylindrical members are 
configured for expanding from a first smaller diameter to a range of enlarged 
diameters without appreciable change in the length of the stent. 



8. The stent of claim 5, wherein the peak portions have irregular 
radii of curvature so that upon expansion, the peak portions uniformly and evenly 
expand. 



9. 

of material. 



The stent of claim 1, wherein the stent is formed from a flat piece 
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10. The stent of claim 1, wherein the stent is formed of a 
^compatible material selected from the group consisting of stamless steel 



ofabout! 0- n , ™ 6Stent0fClaim ^^^^^ 

of about !.0 m the contracted condition up to about 4.0 in the expanded conditio, 



niece f,K- 12 ' TheStent0fdaml '*-*estent Is fonned fr o m asi„ g ,e 
piece of tubmg. B 



expandab, J "afly flexible stent for implanting in a body lumen and 

expandable from a contracted condition to an expanded condition, comprising. 

a plurahty of adjacent cylindrical elements each having a 
crrcumference extending around a longitudinal stent axis and each element being 

2n r™ y expandab,e m ,he — — - - — i 

arranged m ahgnment along the longitudinal stent axis; 

section a secoTT ^ ^ ""^ « «* - 

section, a second end section, and a center section therebetween- 

fltecytodrica, Cements formed ma generally se^enune wave patiem 

ti^sverserome.ongimdinalaxisandcon.ainingaltenra.mgvafleyportions peaT 

•ha, the peaks of adjacent cylindrical elements are ou, of phase- 

a Plurality of m tt rconnecti„ g members extending between the 

1 5 PS! T ! e ' emeMS ^ COnaeC,ing ^ «"»*~ «* ^-curved 
15 portions of adjacent cylindrical elements to one another 
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wherein the stent includes a fewer number of the interconnecting 
members being positioned at least in one of the first and second end sections, and a 
greater number of the interconnecting members being positioned in the center 
section. 



14. The stent of claim 13, wherein the shape and size along adjacent 
peak portions and valley portions of the serpentine pattern are different. 

15. The stent of claim 13, wherein the cylindrical elements cooperate 
to define a generally smooth cylindrical surface and wherein the peak portions form 
projecting edges which project outwardly from the cylindrical surface upon 
expansion. 



16. The stent of claim 13, wherein said stent is formed of a 
biocompatible material selected from the group consisting of stainless steel, 
tungsten, tantalum, super-elastic nickel-titanium alloys, or thermoplastic polymers. 



17. The stent of claim 13, wherein said stent has a radial expansion 
ratio of about 1 .0 in the contracted condition up to about 4.0 or more in the 
expanded condition. 



18. The stent of claim 13, wherein the first and second end 
contain an unequal number of interconnecting members. 



10 
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exoand M ft' 9 A '° ngiaidinaI,y &Xible ~ *» Wanting a bodv ,umen and 

expandable in the radial direrti™ ^ Q , e 
aCyIindriCaldementfo ™ edi » a gene^se.pen.ine wave pattern 

member , f T ^ *— * * interconnecting 

wherein the stent mcmdesn number of mterc^ting members a. 



20. The stent of claim ,9, wherein the stent incmdes k number of 
mterconnecting members in the firs, and second end sections. 
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22. The stent of claim 2 1 , wherein each double-curved portion in the 
second end section includes an interconnecting member. 



23. The stent of claim 20, wherein every other double-curved portion 
in at least one of the first and second end sections includes an interconnecting 
member. 



24. The stent of claim 20, wherein at least one of the first and sec 
end sections and the center section have an identical number of interconnecting 
members. 
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